. (1978) Bio-chemistry 17, 1890-18961. As the reaction proceeds, the frequencies of both form II and form III DNA increase and, concomitantly, an increasing fraction of the DNA mass is found to be in crosslinked structures. Approximately 16% of the PM2 DNA mass is found to be crosslinked after 30 min of reaction with bleomycin at 0.5.ig/ml. ITe proportion of each form found in any given crosslinked structure is directly related to the concentration of uncrosslinked (monomeric) The three forms of DNA were separated by electrophoresis in 1.4% agarose tube gels, 10 cm in length. Electrophoresis was conducted for 5.5 hr at 100 V and 2.5 mA per gel at a temperature of approximately 200C. The mass fraction of each DNA form was determined by scanning spectrofluorometry after staining with ethidium bromide (0.5 pg/ml) for 4 hr (7).
in any given crosslinked structure is directly related to the concentration of uncrosslinked (monomeric) forms. Multiple sites of crosslinking occur, and these frequently extend over a region of approximately 500 nucleotide pairs. The intermolecular crosslinked bonds are dissociated by extensive dialysis or by the addition of salt at high concentration (0.8 M NaCQ), as would be expected if the bonds were noncovalent. Becgpse intramolecular covalent crosslinks between complementary strands are not detected, it is suggested that intermolecular crosslinks are formed by noncovalent association of bleomycin molecules bound to each of the forms of DNA.
Various chemical agents such as psoralen, mitomycin C, nitrous acid, and trans-diamminedichloroplatinum (II) are known to produce covalent intramolecular crosslinks in DNA and possibly intermolecular crosslinks between DNA and proteins (1) (2) (3) (4) . Several of these reagents react with DNA to produce major distortions of the DNA helix structure which in turn are expected to elicit a corrective response by cellular DNA repair systems. By way of contrast, biologically significant noncovalent intermolecular crosslinks in DNA could occur intracellularly. Such crosslinks might present barriers to proper transcription or organization of the genome, yet be undetected by cellular repair systems because they likely would produce little if any helix distortion. One such pattern of noncovalent intermolecular crosslinking of DNA structure occurs when the glycopeptide antibiotic bleomycin reacts with bacteriophage PM2 DNA.
MATERIALS AND METHODS
Bleomycin Treatment of PM2 DNA and Electrophoresis Analyses. Covalently closed circular PM2 DNA was the generous gift of R. R. Hewitt and was prepared by the procedure described by Salditt et al. (5) as modified by Strong and Hewitt (6) . The form I DNA at a final concentration of 501Ag/ml was treated with bleomycin (0.5 Ag/ml) in a total volume of 27 ,l of a solution containing 0.27 mM CaCl2, 25 mM 2-mercaptoethanol, and 20 mM Tris at pH 8 .0. The reaction mixtures were incubated for increasing times at 370C and the reaction was stopped by addition of either 30 ,Al of 20 mM Na2EDTA/50 mM Tris, pH 7.8, for examination by electron microscopy or 30 Al of 20 mM Na2 EDTA/50 mM Tris, pH 7.8/10% (wt/vol) sucrose/0.025% bromphenol blue for electrophoresis.
The three forms of DNA were separated by electrophoresis in 1.4% agarose tube gels, 10 cm in length. Electrophoresis was conducted for 5.5 hr at 100 V and 2.5 mA per gel at a temperature of approximately 200C. The mass fraction of each DNA form was determined by scanning spectrofluorometry after staining with ethidium bromide (0.5 pg/ml) for 4 hr (7).
Extraction of DNA from high molecular weight DNA bands was performed by two methods. DNA was extracted from agarose gel slices by electroelution as described (8) . DNA was also extracted from gel slices by a "freeze-squeeze" technique (Douglas L. Vizard, personal communication). Gel slices were frozen between folds of Parafilm at -20°C for 20 min. The slices were removed and thumb pressure was applied to extrude the solvent and DNA from the collapsed gel. These samples were then prepared for electron microscopy (see below).
Electron Microscopy. Samples of bleomycin-treated or untreated PM2 DNA were prepared for electron microscopy by the aqueous basic protein/Kleinschmidt technique described by Davis et al. (9) . The grids were rotary-shadowed with Pt/Pd (80:20) and examined in a Philips 300 electron microscope.
Sedimentation Analyses. Tritium-labeled PM2 DNA with a specific activity of 20,000 cpm/,g was prepared as described (5) and was the generous gift of Horace B. Gray, Jr. The DNA (3.0 Ag) was treated with bleomycin (0.5 ,g/ml) for 15 min exactly as described above and sedimented through a linear sucrose gradient (5-20%) containing 10 Al, and the DNA concentration was 2.5 ,g/ml. Samples were prepared for electron microscopy as described above.
RESULTS

Comparison of Eleetrophoretic with Electron Microscopic
Analyses of Bleomycin Reaction Products. When bleomycin reacts with covalently closed circular (form I) PM2 DNA, there is a time-dependent conversion to nicked circular (form II) and linear duplex (form III) DNAs (7) . These three forms of DNA can be separated by agarose gel electrophoresis (Fig. IA inset) and the mass fractio1 of each form can be determined by scanning spectrofluorometry (Fig. 1) by electron microscopy (Fig. 1A) . Between 500 and 800 DNA molecules were scored for each time point. The mass fractions of form II DNA estimated by spectrofluorometry were consistently higher than those determined by electron microscopy (Fig. 1B) (Fig. 2) . In addition to associations between two molecules, more complex structures were observed involving three or more molecules of PM2 DNA (Fig. 3) . The region of physical contact between associated molecules (indicated by arrows in Fig. 2 (Fig. 6B) . These fractions directly correspond to the slowest sedimenting peak. In addition to dimer crosslinked molecules, higher oligomers up to and including pentamers were observed in this portion of the gradient. The crosslinked species were partially separated into families of molecules in which oligomers involving form I molecules sedimented more slowly than those containing only form II and III DNAs.
Bands of higher molecular weight DNA presumably representing crosslinked species were also detected by agarose gel electrophoresis with or without inclusion of bleomycin in the gels and electrophoresis buffer (Fig. 6C) lent, it is possible that intramolecular covalent crosslinks may be formed by reaction of bleomycin with PM2 DNA. To test this possibility, we purified linear duplex form III PM2 DNA, produced after 15 min of reaction with bleomycin, by agarose gel electrophoresis and electroelution of 36 combined gel slices. The sample was concentrated and then thermally denatured. If intramolecular covalent crosslinks between complementary strands of form III DNA had been formed by reaction with bleomycin, such molecules would be expected to renature rapidly upon quenching of the denatured form III DNA. The DNA strai.Is of noncrosslinked form III DNA will become physically separated and, when examined by the aqueous Kleinschmidt technique for electron microscopy, will appear as collapsed bushes (11) . Examination of one sample of thermally denatured form III DNA derived from bleomycin reaction revealed no duplex molecules and approximately 10,000 single-strand bushes (Fig. 7) . We conclude that intramolecular covalent crosslinks between complementary strands that are stable under these denaturing conditions occur at a frequency of less than 0.0002 per molecule of form III PM2 DNA. DISCUSSION It is now evident that bleomycin reaction with double-stranded DNA results in a spectrum of structural damages. These alterations in DNA structure range from removal of bases and introduction of alkali-labile sites (12) (13) (14) (15) (16) to single-strand and site-specific double-strand scissions of the phosphodiester backbone (7, 8, (13) (14) (15) (16) (17) . We have reported herein our initial observations of yet another level of DNA structural alteration involving the formation of noncovalent crosslinks. Little, if any, DNA helix distortion may result from the formation of such crosslinks; however, this type of modification in chromosomal DNA might be expected to result in increased folding or packing of DNA chains. Although this probably would not elicit a response by cellular DNA repair systems, transcription and other relevant cellular functions such as segregation of mitotic chromosomes and availability of the DNA for binding nuclear proteins probably would be disrupted by bleomycin-mediated crosslinks. If these crosslinks are subsequently found to be sequence specific, disruption of cellular function would be considered more likely.
D'Andrea and Haseltine (18) have recently used a cloned DNA segment from the lactose promoter-operator region of Escherichia coli to demonstrate that high concentrations of bleomycin fragment duplex DNA predominately at the dinucleotide sequences G-C and G-T. In the case of double-strand breaks produced by bleomycin reaction with PM2 DNA, we have previously shown that 11 specific sites on the genome are preferentially cleaved (7, 8) . These sites probably correspond to a specific base sequence or set of sequences in the DNA that specifies breakage by bleomycin. To account for the observed specificity of duplex-strand scissions as well as the kinetics of both single-and double-strand scissions under different experimental conditions, it was postulated that a single component in the bleomycin mixture could self-associate to form a dimer molecular species (7, 16) . We suggest that a similar noncovalent association of bleomycin molecules can provide the molecular basis for the formation of intermolecular crosslinks observed here. Although each form of DNA is found in crosslinked structures (Fig. 5A ), our recent unpublished results demonstrate that only form I DNA can initiate the formation of crosslinks with bleomycin. Thus, the presence of forms II and III DNA in crosslinked structures must have resulted from fragmentation of form I DNA after the crosslinking events. The binding of bleomycin to multiple sites on form I DNA as shown diagrammatically in Fig. 8A (with superhelical turns not drawn in the figure for simplicity) provides a conformation of bleomycin that favors dimer formation of the DNA-bound molecules. Within the framework of this hypothesis, we expect the crosslinks to be noncovalent and therefore sensitive to dilution or dialysis as well as to high salt concentration. Incubation in high-salt medium has been observed to preferentially suppress duplex strand scission and this was postulated to result from dissociation of a dimer species of bleomycin (7) .
Bleomycin monomers could bind singly to separate DNA molecules and then associate to form a noncovalent crosslink (Fig. 8A) . At this time, we must also consider the possibility that dimers of bleomycin could bind to the DNA without producing strand breakage but could provide a type of association that leads to crosslinks (Fig. 8B) . In this regard, it is of interest that examination of the mass fraction of form I DNA after bleomycin reaction (Fig. 1A) revealed a discrepancy between analyses by electron microscopy and agarose gel electrophoresis. This discrepancy probably arose from intramolecular crosslinking within form II DNA that was incorrectly scored as form I DNA by electron microscopy; however, the discrepancy was rather small. If bleomycin is bound to DNA in an asymmetric and unique configuration, intramolecular crosslinks arising by association of bound bleomycin molecules on the same DNA will be possible, although less likely, under the same circumstances that permit intermolecular crosslinks. Such intramolecular crosslinks require folding of the DNA molecule to accommodate the bleomycin dimer configuration by a process that is expected to be energetically unfavorable.
In examination of the crosslinked structures by electron microscopy we have noted that the crosslink frequently involves more than a simple point of physical contact. Often, these regions of contact correspond to approximately 500 nucleotide pairs of DNA. Because we observe molecules crosslinked at multiple adjacent sites (Fig. 2) , we expect that the formation of one intermolecular crosslink would favor the formation of additional adjacent crosslinks, especially if crosslinking occurs at unique sites on the genome.
Finally, it should be emphasized that high molecular weight bands of DNA, presumably representing crosslinked species, are detected by agarose gel electrophoresis (Fig. 6C) . Attempts to extract crosslinked species from the gel DNA bands failed to reveal crosslinked species; instead, monomer-size forms of DNA were detected. Monomer-size forms of PM2 DNA are unexpected at these high molecular weight positions in the gel and we interpret this result as a physical dissociation of crosslinked species by the extraction procedures utilized. Crosslinked species are detected, however, by velocity sedimentation in sucrose gradients containing bleomycin (Fig. 6A) . The crosslinked species are found to sediment more slowly than form II PM2 DNA. This unexpectly large reduction in sedimentation velocity could result from an increase in the frictional coefficient due to molecular expansion or a reduction of partial specific volume of DNA upon binding bleomycin at a substantial number of sites. Partially collapsed DNA structures are frequently detected by electron microscopy of these sucrose gradient fractions as well as the unfractionated reaction mixtures (see Fig. 3 lower left and right) . Although there may be other reasons for the unexpected sedimentation behavior of the crosslinked forms, it is apparent that they represent a unique molecular species that can be physically separated from the other DNA forms.
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